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FARADAY ROTATION

» Linearly polarized wave is a
sum of right and left hand
circularly polarized waves

* In magnetized plasma the
waves travel at slightly
different speeds causing a
phase offset
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x (deg.)
—40

» The plane of polarization
oets rotated

—60 —50

» Strongly wavelength

dependent

RM ~ fne By dI




MAGNETIC FIELD STRUCTURE

Formation of extragalactic jets
from black hole accretion disk

Credit: NASA and Ann Field

(Space lelescopeibeieiie
Institute)




MAGNETIC FIELD STRUCTURE
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WHAT DO WE GAINWITH FRM
OBSERVATIONS!

BRIEEENEFEclion of the maghetic field

« RM of 500 rad/m? rotates the
s o0 at |5 GHz and

g ailPat o Gi-z

* Direction of the line of sight Broderick &
! McKinney

component of the B-field in the e 2010
rotating plasma

» Amount of Faraday depolarization

* Internal or external screen?

BT arice dependence (sew) Ay
Sign of Faraday rotation =

* more material close to the core! direction of line of sight
components of the B-field




OUR SAMPLE AND OBSERVATIONS

AR Glirces Trom the MOJAVE Droghaim

* |2 epochs with the VLBA In 2006

M) 8.4 and 8.1 GHz

» 2| | observations (20 sources were observed twice)

* |59 maps with significant polarization to calculate
RM maps

» | argest sample so far studied for pc-scale
Faraday rotation




10 20 30 40

0

]
n
~—
o
)
—

0 5 10 1o 20 25

ERE VD, JET e

medians
all = 171 rad/m?
QSO = 183 rad/m?
BL Lacs = 134 rad/m?

= 1 1 I

I —

I 1 I I I
Un—idelntiﬁed
Galaxzy
BL Lac object

Quasar

I 1 —

NENEEEENEEEE N RN

1000 1500 <000 2500 3000

IRM| in core components(rad/mz)

3500

4000

medians
all = 125 rad/m?
QSO = 141 rad/m?
BL Lacs = 71 rad/m?

e T R

I | I
Un—identified
Galaxy
BL Lac object

Quasar

[ A N B B B B B A

VA4S av.avava L
200 1000 1500

IRM| in jet components{rad,/m®)

I T T T T I T T T T I

median all = 104 rad/m?

L L L L L L]

T T I T T
Un—identified
Galaxy

BL Lac object

Quasar

////////] 1 1 1 | I | 1 1 1 ! 1 1 1 1 i 1 1 1 1

A
VAl VaVA VaWa VaWa WaV |

AV A VAV VAV VAV |

EERINEREATERRERRERINEEE)

0 100 200 300 400 500 600

IRM| in isolated jet compoments (rad/m%)

Hovatta et al. 201 | in preparation

In the majority of
sources RM Is less
than 500 rad/m?
which would rotate
EVPAs at |5 GHz
by about 10” and
df 81 Ginlzis e

Core and Jet
distributions differ
significantly with

Nighner R ERis
cores

Quasar and BL Lac
core difference not
significant but jets
differ significantly




S THERE A RM AND GAMMA-RAY
CONNECTION?

LAT-detected « |19 LAT detected sources with |31 RM
observations

median
127 rad/m? « |11 with detected RM

— [
' ' ’ « /2 non-detected sources with 80 RM

2 3 4 )
observations

log(IRMD (rad/m2)

« 48 with detected RM

non-LAT-detected

S s =0, 2

median
|97 rad/m? * no significant difference

[T 1 []
1 1

T
2 3 4

» Higher RM detection ratelin lEAEdeisEi=s
due to correlation between gamma-ray
flux and polarized flux density in radio
(Lister et al. 201 |, Kadler et al. in prep.)

log(IRMD (rad/m2)




WHERE IS THE FARADAY SCREEN!?

Sihitcnidlte the et
* low-energy end of the synchrotron emitting electrons
¢/ ° could explain fast RM variations easily

» according to the standard Burn 1966 model causes severe depolarization
at total rotations larger than 45° (= 800 rad/m? between 8.1 and 15.3
GHz)

* what about other magnetic field configurations and number of lines of
sight!
=G (iialito the et

» Far away screen: Galactic Faraday rotation, intergalactic clouds, narrow line
§ehrel the AGIN

¢/ - Rotation measures should not vary over time scales of years
» Screen interacting with the jet: bending jet, sheath around the et

¢/ ° Variability on time scales of years possible but difficult to explain very
fast variations




DEPOLARIZATION
OBSERVATIONS ARE THE CLUE

no depolarization / ambiguous

0003-066 epoch 2006_07_07 \ 0333+321 epech 2006_07_07

* Internal and external
depolarization formulae

follow the same form for |
RM < 8OO r‘a‘(:l/rT]2 lambda* [em*] lambda® [em*]

depolarization
/

04304052 epoch 2006_05_24 \ 1828+487 epech 2006_08_0%

S — moexp(_b}\4) / @ 'a)waﬁvsé@s}mgtgeémlnﬁ='NA' |

« Possible to fit for C ° M

In m [%]

16 2 25 3 86

S e

d e p O | ari Za-ti O n lambda* [cm*] ' . lambda* [crn*]
reverse depolarization

12264023 epoch 2006_06_15 / \ 22514158 epoch 2006_03_09

. e 1T T 3 N T .
(] S | O pe b Of -th e ﬂ-t |S -th e [ e) component 21 at 3.2015 mas from the core, RM =y : E 5 eomp\zats-mf’a mas from the core, RM = —148.83

amount of depolarization &7 /// ol H/

S Rela-tion T.O RM depends lambda* [cm*] lambda* [er*]
on the model

Hovatta et al.
2011 in

|ﬂ an — |ﬂ mO R b>\4 preparation




DEPOLARIZATION MODELS

Fitted depolarization values against RM for isolated
optically thin jet components

Simulations for external Faraday
depolarization

X Quasar e AM =100, N = 10, ¢ = 200
¢ BL Lac object AM =100, N = 20, ¢ = 450
A Galaxy ¢ AM =0, N =10, c =200

* best-fit simulation . : AM =0, N =10, ¢ =200
M=10 AM=0C

sqri{[of)

Hovatta et al. 201 | in prep. |IRM|

External Faraday
depolarization when scale
of random RM fluctuations
O Is the same as observed

RM.TThen b = g2 = RM?

Internal Faraday

larizati = 2RM?
et Small number of

lines of sight




DEPOLARIZATION MODELS

Fitted depolarization values against RM for isolated
optically thin jet components

Simulations for external Faraday
depolarization

X Quasar e AM =100, N = 10, ¢ = 200
¢ BL Lac object AM =100, N = 20, o = 450
A Galaxy ¢ AM =0, N =10, c =200

* best-fit simulation A " AM =0, N =10, =200
MN=10 AM=0C

sqri{[of)

Hovatta et al. 201 | in prep. |IRM|

External Faraday

\4
o Internal Faraday Random external Faraday
epolarization when scale g o . 5

. epolarization b = 2RM
of random RM fluctuations

screen can explain most
O Is the same as observed
T R of our observed

depolarization




DEPOLARIZATION MODELS

Fitted depolarization values against RM for isolated
optically thin jet components

¥ Quasar

¢ BL Lac object

A Galaxy

+ best-fit simulation

3C 454.3

sqri{[of)

Hovatta et al. 201 | in prep. |IRM|

Extlem.al e Internal Faraday
depolarization when scale depolarization b = 2RM?
of random RM fluctuations

O Is the same as observed
RM.Then b = g2 = RM“

Simulations for external Faraday
depolarization

« AM =100, N = 10, = 200
AM =100, N = 20, ¢ = 450

« AM =0, N =10, ¢ =200
AM =0, N =10, ¢ =200
MN=10 AM=0C

IRM|
Internal Faraday rotation
s needed to explain the
polarization in 3C 2/3

and 3C 454.3 and solves
the fast variability too!




SIMULATED RM MAPS

* Simulations of polarization and RM errors and estimating the significance of RM gradients
* trying to solve the issue of controversial RM gradients (see e.g. Taylor & Zavala 2010)
* simulated RM maps using total intensity structure of 3 real sources

« 000 simulations with random noise of the same order as in real data

* how large spurious gradients can appear in RM maps due to noise and finite beam size

Hovatta et al. 201 | in preparation
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SIMULATION RESULTS

maximum spurious gradient in 1000 simulations

250
|

Example: If a jet is
|.5 beams wide and
beam width is |.5
mas (typical for
VLBA) a spurious
gradient can be up
to 450 rad/m?
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Hovatta et al. 201 | in

preparation jet width (beams)

et needs tolbe ailcaH: s

beams wide In polarization but
Bjasifelalely = 2

Less than 2 beams requires the
use of 30 limit (e enaneeNi
RM Is more than 3 times the
error of the RM at theiedoeRei

the jet). | O Is never enough.

O should be determined from
the variance-covariance matrix
of the RM fit where errors In
EVPA are calculated using error
propagation from U and Q rms
values




RM GRADIENTS IN OUR SAMPLE
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+ Changed significantly since the Asada et al. 2002,2008 , ,
and Zavala & Taylor 2005 results ’ )

distance along the slice (mas)

Hovatta et al. 201 |
in preparation T T T

500
1

|

Rotation measure (radfm*)
=500 0
!

- different jet direction

« Our two epochs 3 months apart show significant
variability -> hard to explain with external Faraday
screen




RM GRADIENTS IN OUR SAMPLE

—1000 —-500 0

S .
C |
" | R006_03_09
A
Z
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1 1

Relative Declination (mas)

=200

Rotation measure (rad/m°©)
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Hovatta et aI.IZOII In = — A AN distance along the slice (mas)
preparation -1s —=0
Relative R.A. {mas)

« Not as remarkable as in 3C 2/3 but still significant (jet 1s 3 beams wide, change in RM >
30)

» Together with total intensity, polarization and spectral index results seems to follow a
model with large scale helical magnetic field in the jet (Zamaninasab et al. in
preparation)

* Variability over times scales of 3 months -> difficult for external Faraday rotation models
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RM GRAD\ENTS IN OUR SAMPLE
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polarized jetis 1.9

T o) beams wide but
[ sradient is visible
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L S * need follow-up
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Hovatta et al. 201 I”in preparation J (mas)




SUMMARY

» In the majority of the sources RMs are less than 500 rad/m? which rotates |15 GHz EVPAs
only by 10° but at 8 GHz the rotation Is already 40°

» Magnitude of Faraday rotation diminishes as a function of distance from the core

* [here seems to be no direct correlation between gamma-ray emission and Faraday
rotation but FRM observations are important for finding the true B-field orientation during
gamma-ray flares.

+ The jet RMs of most of the sources have not changed over time scales of years -> could be
produced by external random screens which Is also supported by our depolarization
observations.

+ In 3C 273 and 3C 454.3 internal Faraday rotation could explain the fast variations, which is
also supported by depolarization observations in these two sources

» Simulations of internal Faraday rotation in different magnetic field configurations are
ongoing (Homan et al. in preparation)

 Our simulations show that the jet needs to be preferably at least 2 beams wide in
polarization when transverse RM gradients are studied

S —elcicat sionificant transverse gradients in 3C 273, 3C 4543, 2230 [ anid
B8 139




TIMEVARIABILITY OF FARADAY
ROTATION

« Comparison to earlier studies, especially Taylor 1998, 2000 Zavala &
Taylor 2003,2004, O'Sullivan & Gabuzda 2009

B RRinc cores of AGIN vary from epoch 1o epoch

» multiple components blending within the finite beam

* In most of the sources variable jet RMs can be explained with
different part of the Faraday screen being illuminated at different times

» Significant variations in the jet RMs seen on time scales of 3 months
RS @2 and 3C 454.3 and on time scales of years inF 225 EE

* Internal rotation or interaction between jet and a sheath




CHANGE OF JET APPEARANCE

| 308+326 Z&T 2000 epoch 308+ 326 MO AV EZGEEEESEiEy
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Over time scales of years

the components probe a

Sliicremitresion of the et
and the Faraday screen. (see L

also Gomez et al. 201 I ot e ro9)
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